In VivoRegulation of Cyclin A/Cdc2 and Cyclin B/Cdc2 through Meiotic and Early Cleavage Cycles in Starfish  by Okano-Uchida, Takayuki et al.
DEVELOPMENTAL BIOLOGY 197, 39±53 (1998)
ARTICLE NO. DB988881
In Vivo Regulation of Cyclin A/Cdc2
and Cyclin B/Cdc2 through Meiotic
and Early Cleavage Cycles in Star®sh
Takayuki Okano-Uchida,1 Tohru Sekiai, Kyon-su Lee, Eiichi Okumura,
Kazunori Tachibana, and Takeo Kishimoto2
Laboratory of Cell and Developmental Biology, Faculty of Biosciences and Biotechnology,
Tokyo Institute of Technology, Nagatsuta 4259, Midori-ku, Yokohama 226-8501, Japan
In star®sh, fertilization occurs naturally at late meiosis I. In the absence of fertilization, however, oocytes complete meiosis
I and II, resulting in mature eggs arrested at the pronucleus stage, which are still fertilizable. In this study, we isolated
cDNAs of star®sh cyclin A and Cdc2, and monitored extensively the cell cycle dynamics of cyclin A and cyclin B levels
and their associated Cdc2 kinase activity, Tyr phosphorylation of Cdc2, and Cdc25 phosphorylation states throughout
meiotic and early embryonic cleavage cycles in vivo. In meiosis I, cyclin A was undetectable and cyclin B/Cdc2 alone
exhibited histone H1 kinase activity, while thereafter both cyclin A/Cdc2 and cyclin B/Cdc2 kinase activity oscillated
along with the cell cycle. Cyclin B-, but not cyclin A-, associated Cdc2 was subjected to regulation via Tyr phosphorylation,
and phosphorylation states of Cdc25 correlated with cyclin B/Cdc2 kinase activity with some exceptions. Between meiosis
I and II and at the pronucleus stage, cyclin A and B levels remained low, Cdc2 Tyr phosphorylation was undetectable, and
Cdc25 remained phosphorylated depending on MAP kinase activity, showing a good correlation between these two stages.
Upon fertilization of mature eggs, Cdc2 Tyr phosphorylation reappeared and Cdc25 was dephosphorylated. In the ®rst
cleavage cycle, under conditions which prevented Cdc25 activity, cyclin A/Cdc2 was activated with a normal time course
and then cyclin B/Cdc2 was activated with a signi®cant delay, resulting in the delayed completion of M-phase. Thus, in
contrast to meiosis I, both cyclin A and cyclin B appear to be involved in the embryonic cleavage cycles. We propose that
regulation of cyclin A/Cdc2 and cyclin B/Cdc2 is characteristic of meiotic and early cleavage cycles. q 1998 Academic Press
INTRODUCTION lacking in most animal eggs (see Masui, 1985; Sagata, 1996;
Edgar and Lehner, 1996). These features of the meiotic and
early cleavage cell cycles contrast greatly with the normalIn most animals, fully grown oocytes in the ovary are
somatic cell cycle, in which M-phase and S-phase are tightlynaturally arrested at prophase of meiosis I. Upon ovulation,
coupled and are separated by intervening G1- and G2-phases
immature oocytes resume meiosis and fertilization occurs
(see Nurse, 1994). The meiotic and early cleavage cycles can
at a particular stage of oocyte maturation depending on the
be viewed as a variation of the somatic cell cycle, therefore,
species, followed by the completion of meiosis and the initi- de®ning the molecular mechanisms which cause this varia-
ation of early cleavage cycles. During meiotic cycles there tion pose an essential problem to be resolved. A complete
are two successive M-phases without an intervening S- description of the dynamics of cell cycle regulators in vivo
phase; nevertheless, fertilization initiates S-phase after the is prerequisite to elucidating these mechanisms.
completion of meiosis II. Thereafter, M-phase and S-phase Progression through the eukaryotic cell cycle involves the
alternate during early cleavage cycles, while gap phases are successive activation and inactivation of different cyclin-
dependent kinases (CDKs). Activation of these kinases re-
quires the association of regulatory cyclin subunits, and1 Present address: The CREST of Science and Technology Corpo-
different cyclins preferentially complex with particularration, c/o Laboratory of Cell and Developmental Biology, Faculty
CDK partners. Different cell cycle transitions require dis-of Biosciences and Biotechnology, Tokyo Institute of Technology,
tinct CDK/cyclin complexes (for reviews, Nigg, 1995; SherrNagatsuta, Midori-ku, Yokohama 226-8501, Japan.
and Roberts, 1995; Labib and Moreno, 1996). Cyclins are2 To whom correspondence should be addressed. Fax: /81-45-
924-5738. E-mail: tkishimo@bio.titech.ac.jp. usually classi®ed into G1 cyclins and mitotic cyclins (in-
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cluding A- and B-types), depending on the period of their protein levels and their associated Cdc2 kinase activity lev-
els together with the phosphorylation of Cdc25 proteinfunction in the cell cycle (Murray and Hunt, 1993). Consis-
tent with their classi®cations, the protein levels of mitotic throughout star®sh meiotic and early cleavage cycles. Our
data reveal that cell cycle control mechanisms differ beforecyclins peak in M-phase, and the mitotic cyclin/Cdc2 com-
plexes govern the transition to and progression through M- and after fertilization, suggesting that the role of fertiliza-
tion is to switch from a meiotic state to a mitotic state.phase (for reviews, Hunt, 1989; Nurse, 1990; King et al.,
1994; Nigg, 1995). The activity of these kinases depends
primarily on the accumulation of cyclin A and cyclin B,
their respective association with Cdc2, and the phosphory- MATERIALS AND METHODS
lation of Thr161 residue in Cdc2 (for review, Morgan, 1995).
In addition, the key event for entry into M-phase is dephos- Animals and Preparation of Oocyte and Egg
phorylation by a Cdc25 phosphatase of the Tyr15 and pre- Extracts
sumably Thr14 residues in cyclin B-associated Cdc2 (Gau-
Star®sh, Asterina pectinifera, were collected during the breedingtier et al., 1991; Kumagai and Dunphy, 1991; Strausfeld et
season and kept in laboratory aquaria supplied with circulatingal., 1991; Izumi et al., 1992; for review, Coleman and Dun-
seawater at 147C. Fully grown immature oocytes without follicles
phy, 1994). The proteolytic destruction of cyclin A and were prepared with Ca-free arti®cial seawater, and meiosis reinitia-
cyclin B leads to the inactivation of the kinases, resulting tion was induced by the addition of 1 mM 1-MeAde as described
in exit from M-phase (Murray et al., 1989; Glotzer et al., previously (Tachibana et al., 1990). Insemination was performed in
1991; Holloway et al., 1993; for review, Murray, 1995; King normal arti®cial seawater (Jamarin U; Jamarin Laboratory, Osaka)
et al., 1996). at late meiosis I, i.e., 50 min after 1-MeAde addition, or at female
pronucleus stage after the completion of meiosis II. In some experi-Mitotic cyclins were ®rst discovered in sea urchin and
ments, mature eggs with female pronucleus were treated with asurf clam embryos (Evans et al., 1983). Biological activity
proteasome inhibitor, Z-Leu-Leu-Nva-H(aldehyde) (LLnV; Peptideof cyclin A was ®rst demonstrated by its ability to induce
Institute, Inc., Osaka) or a MEK1 inhibitor, PD98059 (New EnglandXenopus oocytes to resume meiosis (Swenson et al., 1986).
Biolabs, Inc., MA). Each of these inhibitors was dissolved at 10 mMCyclin B/Cdc2 was originally identi®ed as the active com-
in DMSO, and was used at a ®nal concentration of 50 mM.
ponent of maturation- or M-phase-promoting factor (MPF), Oocyte maturation and early cleavage proceeded at 12,000 eggs/
which had been puri®ed from mature eggs (Lohka et al., ml seawater with gentle agitation at 227C. At 10- or 15-min inter-
1988; Gautier et al., 1988; Draetta et al., 1989; Labbe et al., vals after the addition of 1-MeAde, 1.0-ml aliquots of the egg sus-
1989; Gautier et al., 1990; see also Okumura et al., 1996; pension were rapidly centrifuged at 5000g for 10 s at 47C. The
Kishimoto, 1996). Based on this historical background, the seawater was removed by aspiration, and the egg pellet (approx 60
ml) was mixed with 2 vol of a cold extraction buffer (160 mM Na-cell cycle dynamics of cyclin A, cyclin B, and cdc2 kinase
b-glycerophosphate, 40 mM EGTA, 30 mM MgCl2, 200 mM KCl,have been studied in vivo during oocyte maturation and
200 mM sucrose, 2 mM DTT, 1 mM Na±orthovanadate, 0.1%early cleavage cycles in surf clam (Westendorf et al., 1989;
Nonidet P-40, 50 mM benzamidine, 50 mM PMSF, 50 mg/ml leupep-Hunt et al., 1992; Turner et al., 1995), star®sh (Pondaven
tin, 50 mg/ml soybean trypsin inhibitor, pH 7.3), followed by imme-et al., 1990; Ookata et al., 1992; Galas et al., 1993; Okumura
diate freezing in liquid nitrogen. After thawing, the egg suspension
et al., 1996; Picard et al., 1996), sea urchin (Meijer et al., was homogenized with a microtip sonicator for 3 s on ice. After
1989; 1991), gold®sh (Katsu et al., 1995; Yamashita et al., centrifugation at 12,000g for 10 min at 27C, the supernatant was
1995), amphibia (Ferrell et al., 1991; Kobayashi et al., 1991; recovered to a fresh tube as an egg extract. For Western blot, 10 ml
Minshull et al., 1991; Ohsumi et al., 1994; Hartley et al., of the egg extract was added with 40 ml of 21 concentrated SDS±
1996), mouse, and porcine (Choi et al., 1991; Naito et al., PAGE sample buffer, followed by boiling for 5 min.
1995). In spite of these previous studies, however, there has
been yet no complete description in vivo throughout oocyte
Isolation and Sequencing of Star®sh Cyclin A andmaturation and early cleavage cycles on the dynamics of
Cdc2 cDNAscyclin A and cyclin B and their associated kinase activity.
In star®sh oocytes, the maturation-inducing hormone, 1- Star®sh egg cDNA library was constructed from mature eggs
methyladenine (1-MeAde), triggers the reinitiation of meio- (Tachibana et al., 1990). Egg poly(A)/RNA was prepared with oli-
sis, and fertilization occurs naturally around the end of mei- go(dT)±latex beads (Oligotex-dT30; Takara). From 5 mg of template
poly(A)/ RNA, the cDNA was introduced to lZAPII vector withosis I (Meijer and Guerrier, 1984; Kanatani, 1985). If fertil-
lZAPII cDNA synthesis kit (Stratagene). For the isolation of star-ization does not occur, oocyte maturation proceeds to the
®sh cyclin A cDNA, 1.5 1 105 recombinant phage plaques werecompletion of the meiosis II without the second metaphase
screened with [a-32P]dCTP-labeled full-length (3.8 kb) cyclin Aarrest, and mature eggs are ®nally arrested at the female
cDNA of sea urchin, Strongellocentrotus purpuratus (generous giftpronucleus stage. These mature eggs are still fertilizable,
from Drs. M. Winkler and J. Yoon, University of Texas, Austin).and upon insemination S-phase is initiated and early cleav-
Hybridization was performed at 377C for 16 h in a buffer containing
age cycles proceed (see Tachibana et al., 1997). Thus, star- 61 SSC, 51 Denhardt's reagent, 0.5% SDS, 50% formamide, 100
®sh oocytes allow us to compare the control mechanisms mg/ml salmon sperm DNA. Filter were washed with 61 SSC, 0.5%
between meiotic cycles and early cleavage cycles. Here, we SDS at room temperature, and subsequently with 21 SSC, 0.5%
isolate the cDNA clones of star®sh cyclin A and Cdc2, and SDS at 557C. More than 100 potential positives were isolated, and
8 of these were puri®ed. Their partial sequences showed that thedocument the in vivo dynamics of cyclin A and cyclin B
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same protein was coded. The longest cDNA clone was transferred tide of rat ERK1 antibody (Seikagaku Kogyo, Tokyo; see Tachibana
et al., 1997).to the phagemid, pGEM-7Zf(/) (Promega), and deletion mutants
were made using ExoIII±mung bean nuclease system (Deletion kit
for kilosequencing; Takara). Single-strand DNA was prepared from
Immunoprecipitationthe mutants and sequenced by the dideoxy chain termination se-
quencing methods with ALF autosequencer (Pharmacia).
Immunoprecipitation was performed essentially as described byTo isolate star®sh Cdc2 cDNA, ®rst-strand cDNA was prepared
Ookata et al. (1992). Ten microliters of egg extract was incubatedfrom star®sh egg total RNA. Ampli®cation of these cDNA tem-
at 47C for 2 h with 15 ml of puri®ed anti-cyclin B antibody whichplates by PCR was carried out using degenerate oligonucleotides
had been diluted twofold with TBS. Then, 20 ml of a 50% slurryderived from two highly conserved regions of Cdks, the EKIGEG-
of protein A±Sepharose CL4B [which had been suspended in anTYG motif for the forward primer and the THEVVTLWY motif for
immunoprecipitation buffer (50 mM Tris±HCl, pH 7.5, 150 mMthe reverse primer; 5*-GA(A/G)AA(A/G)AT(A/C/T)GG(A/C/G/
NaCl, 0.5% Triton X-100, 0.1% SDS, 50 mM NaF, 10 mM NaT)GA(A/G)GG(A/C/G/T)AC(A/C/G/T)TA(C/T)GG-3* and 5*-TAC-
pyrophosphate, 0.1 mM Na orthovanadate, 0.1 mM Na p-nitrophe-CA(A/C/G/T)A(A/ G)(A/C/G/T)GT(A/C/G/ T)AC(A/C/G/T)AC(C/
nyl phosphate and 0.1 mM ZnCl2)] was added. After further incuba-T)TC(A/G)TG(A/C/G/T)GT-3*. Two kinds of PCR product con-
tion for 120 min at 47C, the beads were washed three times withtaining PSTAIRE sequence were obtained. Star®sh egg cDNA li-
the immunoprecipitation buffer. For immunoblots, the antibody-brary was screened for 4 1 105 plaques with a probe of each product
containing pellet was eluted with 20 ml of 21 concentrated SDS±as described previously (Tachibana et al., 1990), and two distinct
PAGE sample buffer, followed by boiling for 5 min. For anti-cyclinsequences were obtained. In comparison with known Cdks, these
A immunoprecipitation, 10 ml of egg extract was mixed with 20 mlwere identi®ed as star®sh Cdc2 and Cdk2, respectively.
of 2-fold diluted puri®ed anti-cyclin A antibody.
For H1 kinase assays, 10 ml of egg extract was mixed with 10 ml
of 10-fold diluted anti-cyclin B antiserum, 5-fold diluted anti-cyclin
A antiserum, or undiluted anti-Cdc2 antiserum. After adsorptionAntibodies
of the antibody to the protein A-Sepharose, the supernatant was
recovered as an unadsorbed fraction, and the remaining SepharoseStar®sh cyclin A cDNA coding from amino acids 37 to 445 was
pellet was washed three times with the immunoprecipitationligated into the EcoRI site of pGEX-2T (Pharmacia) to generate
buffer, two times with a kinase buffer (80 mM Na b-glycerophos-pGEX-cycA, which was transformed into Escherichia coli strain,
phate, 20 mM EGTA, 15 mM MgCl2, and 1 mM DTT, pH 7.3), andHB101. The bacteria in 500 ml culture was grown to an OD600 of
®nally mixed with 35 ml of the kinase buffer.0.5, and then the recombinant protein was expressed with 1 mM
isopropyl-b-thiogalactopyranoside (IPTG) for 4 h at 377C. Most of
GST±cyclin A fusion protein formed insoluble inclusion bodies.
Histone H1 Kinase AssayThe E. coli cells were chilled on ice and pelleted at 4000g for 10
min. After washing with ice-cold PBS, the bacterial pellet was The kinase assays contained 5 ml of an egg sample, 4 ml of histone
stored at 0807C. Frozen bacterial cells were suspended in 5 ml of H1±cold ATP mixture consisting of 0.9 mg/ml histone H1 (Boeh-
TBS (50 mM Tris±HCl, 150 mM NaCl, pH 7.5) and added with 1/ ringer) and 0.45 mM ATP, and 3 ml of 0.2 mCi/ml [g-32P]ATP (®nal
100 vol of 20 mg/ml lysozyme. After allowing the mixture to stand volume of 12 ml). The egg sample consisted of 1 ml of the kinase
on ice for 30 min, the cells were lysed with a microtip sonicator buffer and 4 ml of the suspension of the anti-cyclin A, B, or Cdc2
®ve times for 15 s each. The suspension was added with 0.1 vol of immunoprecipitate, or the respective unadsorbed supernatant. The
10% Triton X-100, settled on ice for 10 min, and again sonicated. kinase assay mixture was incubated for 30 min at 257C, and the
The lysate was centrifuged at 16,000g for 15 min at 47C, and then reaction was terminated by the addition of 12 ml of 21 concentrated
the pellet was subjected to repetition of the above procedure three SDS±PAGE sample buffer, followed by boiling for 5 min. Samples
to four times. The ®nal pellet containing the inclusion bodies was were run on a 12% SDS±PAGE and stained with 0.1% Coomassie
dissolved in SDS±PAGE sample buffer and then applied to 7.5% blue. The gel was autoradiographed with X-ray ®lm (X-OMAT,
SDS±polyacrylamide gel. After staining the gel brie¯y with Coo- Kodak) at 0807C. Alternatively, the histone H1 bands were excised
massie brilliant blue, the GST±cyclin A band was excised and ho- and the radioactivity was quanti®ed using a liquid scintillation
mogenized in PBS. One milliliter of gel homogenate containing counter.
0.5±1 mg protein was injected subcutaneously into female New
Zealand white rabbit four times at 3-week intervals. The antiserum
was used at a dilution of 1:100 for some Western blots. The anti- Microinjection and Further Procedures
cyclin A antibody was further af®nity-puri®ed as described pre-
viously (Ookata et al., 1992) using nitrocellulose strips onto which Microinjection was performed as described previously (Kishi-
moto, 1986). Mature eggs with a female pronucleus 2 h after 1-the bacterially produced star®sh cyclin A was transferred.
The rabbit polyclonal antibody against star®sh cyclin B was pre- MeAde addition were injected with 20 pg of the neutralizing anti-
star®sh Cdc25 antibody. This amount was suf®cient to preventpared using bacterially produced star®sh cyclin B protein as de-
scribed by Ookata et al. (1992). The antiserum was used at a dilu- GVBD following 1-MeAde addition in immature oocytes (data not
shown; see also Okumura et al., 1996). Then, these eggs were in-tion of 1:500 for Western blots. The polyclonal anti-star®sh Cdc2
antibody against the C-terminal 14 amino acids (CDFEGGTVL seminated, and the occurrence of the ®rst cleavage was monitored.
For immunoblots, 10 recipient eggs were recovered in 5 ml of nor-PTRLGQ), and the polyclonal anti-star®sh Cdc25 antibody against
the C-terminal fragment of 153 amino acids were described in Oku- mal arti®cial seawater at various times after insemination, added
to 21 conc SDS±PAGE sample buffer, followed by boiling for 5mura et al. (1996). The puri®ed polyclonal antibody against star®sh
phosphotyrosine, which was a generous gift from Dr. G. Peaucellier min. For histone H1 kinase assay, 8 or 6 recipient eggs were recov-
ered in 5 ml of arti®cial seawater at various times after insemina-(Banyuls-sur-Mer), was used at a concentration of 1 mg/ml. MAP
kinase was monitored by immunoblots with anti-C-terminal pep- tion, added with 15 ml of the extraction buffer, and immediately
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FIG. 1. (A) Nucleotide and derived amino acid sequences of star®sh cyclin A. The nucleotide sequence (2912 bp) of a star®sh cyclin A
cDNA has an open reading frame encoding a protein of 445 amino acids. The termination codon is indicated by an asterisk. Amino acid
sequences within the cyclin box are indicated in bold letters. The sequence has been deposited in DDBJ/EMBL/GenBank under Accession
No. D89723. (B) Alignment of star®sh cyclin A with A1- and A2-type cyclins. The amino acid sequences within the cyclin box of A-type
cyclins obtained from mouse A1 (MmcycA1; Sweeney et al., 1996), mouse A2 (MmcycA2; Sweeney et al., 1996; Ravnik and Wolgemuth,
1996), Xenopus A1 (XlcycA1; Minshull et al., 1990), and Xenopus A2 (XlcycA2; Howe et al., 1995) were aligned with those of star®sh
cyclin A (SfcycA). Identities are indicated by vertical bars. Gaps introduced for optimal alignment are indicated by dashes.
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FIG. 2. Nucleotide and derived amino acid sequences of star®sh Cdc2. The peptide sequences used for PCR primers are underlined with
arrows. The peptide sequence used for raising antibody is underlined. The sequence has been deposited in DDBJ/ EMBL/GenBank under
Accession No. D79982.
frozen in liquid nitrogen. After thawing, eggs were crushed by a Electrophoresis and Western Blotting
vortex mixer, and 18 ml of the supernatant was used for immunopre-
SDS±polyacrylamide gel electrophoresis was carried out ac-cipitation. Kinase reactions were performed under the same condi-
cording to Laemmli (1970) with 12% acrylamide gels except for thetions as described above except that the ®nal concentrations were
separation of Cdc25 with 7.5% gels. To resolve the phosphorylation10 mM in cold ATP and 0.16 mCi/ml in [g-32P]ATP.
states of star®sh Cdc2, modi®ed electrode buffer (50 mM Tris, 300
mM glycine, 0.1% SDS) was used. Immunoblotting was performed
as described by Ookata et al. (1992). The sample volume applied
to each lane was 6±8 ml (equivalent to 60±80 eggs) for the egg
extract, 10 ml for the anti-cyclin B immunoprecipitate, and 20 ml
for the anti-cyclin A immunoprecipitate. Protein bands were pro-
cessed by densitometry using NIH Image (version 1.55).
RESULTS
Molecular Cloning of Star®sh Cyclin A and Cdc2
cDNAs
To isolate a clone of star®sh cyclin A, the cDNA library
from mature star®sh eggs was screened with full-length
cDNA of sea urchin cyclin A. The complete DNA sequence
of the longest clone is shown in Fig. 1A. It contained an
FIG. 3. Speci®city of antibodies against star®sh cyclin A, cyclin open reading frame of 445 amino acids and its predicted
B and Cdc2. Extracts from metaphase eggs of the ®rst cleavage molecular weight is 49.4 kDa. The deduced amino acid se-
cycle (lanes 1 and 2), immature oocytes (lane 3), and maturing quence is most homologous to the A-type cyclin: among
oocytes at the metaphase of meiosis I (lane 4) were separated on a various human cyclins, identity is 46% for cyclin A,
12% SDS±PAGE and blotted onto nitrocellulose. Each blot was whereas it is 37, 26, 25, and 29% for cyclins B1, C, D1, and
probed with af®nity-puri®ed anti-cyclin B antibody (lane 1), anti-
E, respectively. The homology to marine invertebrate cyclincyclin A antibody (lane 2), and anti-Cdc2 antibody (lanes 3 and 4).
A's was 51% for surf clam (Swenson et al., 1986), 53% forMolecular weight markers are indicated on the left (in kDa). Cdc2-
limpet (van Loon et al., 1991) and 51% for sea urchin.U and -L correspond to Tyr-phosphorylated and unphosphorylated
Within the highly conserved cyclin box, the homology wasforms, respectively, while most of Cdc2-M is not associated with
cyclins A and B (Ookata et al., 1992). 79±82% among marine invertebrate cyclin A's.
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At present, two subtypes of cyclin A, cyclin A1 and cyclin respectively, after the completion of meiosis II (see top of
A2, are identi®ed in Xenopus (Minshull et al., 1990; Howe Fig. 4A). Throughout these meiotic and early cleavage cy-
et al., 1995), mouse (Sweeney et al., 1996; Ravnik and Wol- cles, oocytes and eggs were collected at 10-min intervals,
gemuth, 1996) and human (Wang et al., 1990; Yang et al., and levels of cyclin A and cyclin B proteins were assessed
1997). To determine the subtype, star®sh cyclin A was com- by anti-cyclin A and anti-cyclin B immunoblotting. In im-
pared with the published sequences of both subtypes. Over- mature oocytes, cyclin B was already present as reported
all, star®sh cyclin A showed the same extent of similarity previously (Ookata et al., 1992; Okumura et al., 1996), un-
to the A1 subtype (46±48%) as to the A2 subtype (46±47%). like cyclin A which was undetectable (Figs. 4A and 4C).
Within the cyclin box, star®sh cyclin A shared identity at After reinitiation of meiosis, the levels of cyclin B remained
75% with the A1 subtype and at 80% with the A2 subtype almost constant until the abrupt (within 10 min) and almost
(Fig. 1B), suggesting that star®sh cyclin A is not speci®ed complete (more than 90%) disappearance at the end of meio-
into either sub-type. sis I. In contrast, cyclin A remained undetectable until the
The complete cDNA sequence and the deduced amino ®rst meiotic metaphase. Then, a very small amount of
acid sequence of star®sh Cdc2 are shown in Fig. 2. It en- cyclin A accumulated, followed by the decrease at the end
coded 300 amino acids and the predicted molecular weight of meiosis I. Thereafter, the levels of both cyclin A and
was 34 kDa. Star®sh Cdc2 shared identity with human cyclin B oscillated along with the second meiotic and early
Cdc2 at 73% which was the highest among various human cleavage cycles, peaking in each M-phase and almost disap-
CDKs, and showed 63±73% similarity to Cdc2*s of various pearing at the end of each M-phase. Peak levels of both
other organisms. cyclin A and cyclin B in meiosis II were considerably lower
than those in early cleavage cycles. In cleavage cycles,
cyclin A levels reached a peak slightly earlier than cyclin
Dynamics of Cyclin A and Cyclin B Protein Levels B levels as reported in Xenopus egg extracts (Minshull et
and Their Associated Histone H1 Kinase Activities al., 1990).
during Meiotic and Early Cleavage Cycles In the same extracts analyzed by immunoblotting with
anti-cyclin A and anti-cyclin B, changes in the levels ofThe speci®city of various antibodies was tested by West-
histone H1 kinase activity were monitored by immunopre-ern blots (Fig. 3). In lysates of star®sh oocytes and eggs, the
cipitation with anti-cyclin A and anti-cyclin B antibodies,af®nity-puri®ed anti-cyclin A and anti-cyclin B antibodies
respectively (Figs. 4B and 4D). In anti-cyclin B immunopre-recognized a single band of 50 and 48 kDa, respectively.
cipitates, the histone H1 kinase activity was very low inThe anti-cyclin A antibody did not recognize cyclin B pro-
immature oocytes, increased just before GVBD, was main-tein and vice versa. The af®nity-puri®ed anti-Cdc2 antibody
tained at elevated levels, and then drastically declined at therecognized three distinct bands of approx 34 kDa, upper (U),
end of meiosis I. Thereafter, the histone H1 kinase activitymiddle (M), and lower (L), depending on cell cycle stages.
oscillated along with meiotic and early cleavage cycles,The slowest migrating Cdc2-U presumably represents the
peaking at each metaphase and falling at the end of eachinactive form with phosphorylated Thr14 and Tyr15 resi-
M-phase. A comparison of Fig. 4A with 4B shows that theredues, and the fastest migrating Cdc2-L represents the active
was a lag between the cyclin B accumulation and the in-form with these residues dephosphorylated, while most of
crease in the cyclin B-associated histone H1 kinase activityCdc2-M is not associated with cyclins A and B (see Ookata
in each M-phase except for meiosis II (see below).et al., 1992; Okumura et al., 1996).
In contrast to cyclin B, during meiosis I histone H1 kinaseGerminal vesicle breakdown (GVBD) began to occur 20
activity was almost undetectable in the anti-cyclin A im-min after the addition of 1-MeAde to immature star®sh
munoprecipitates except for a very small peak at 50 min,oocytes. The oocytes proceeded to the ®rst meiotic meta-
just before the end of meiosis I. Thereafter, the anti-cyclinphase at 40±45 min, and completed the ®rst and the second
A immunoprecipitates exhibited oscillating histone H1 ki-meiotic division at about 60 and 90 min, respectively. When
nase activity, peaking at each M-phase. In all cases, no lagmaturing oocytes were inseminated at 50 min, the ®rst and
the second cleavage occurred at about 155 and 190 min, was observed between the cyclin A accumulation and the
FIG. 4. Dynamics of cyclin A and cyclin B protein levels and their associated histone H1 kinase activities through meiotic and early
cleavage cycles in star®sh. (A) Protein levels of cyclin B. (B) Levels of cyclin B-associated histone H1 kinase activity. (C) Protein levels of
cyclin A. (D) Levels of cyclin A-associated histone H1 kinase activity. Extracts were prepared from fertilized (FER) or unfertilized (UNF)
oocytes and eggs at 10- or 15-min intervals after 1-MeAde addition, and were separated on a 12% SDS±polyacrylamide gels. Upper two
panels indicate immunoblots with af®nity-puri®ed anti-cyclin B antibody (A) and anti-cyclin A antibody (C), while the respective lowest
panel indicates quantitative densitometry of each blot for fertilized (j, l), and unfertilized (h, s). The numbers above each blot indicate
the time after 1-MeAde addition. The time of insemination is shown as an open triangle. Arrows indicate the time of the ®rst (1PB) and
the second (2PB) polar body emission, and the ®rst (1CL) and the second (2CL) cleavage. Histone H1 kinase activity contained in the anti-
cyclin B (B) or the anti-cyclin A (D) immunoprecipitates from fertilized oocytes and eggs is shown as autoradiograms (top) or measured
by liquid scintillation (bottom).
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FIG. 5. Cdc2 kinase is a major histone H1 kinase during meiotic and early cleavage cycles in star®sh. Extracts were prepared from
fertilized oocytes and eggs at 10-min intervals after 1-MeAde addition, and imunoprecipitated with the anti-star®sh Cdc2 antibody. Histone
H1 kinase activity of each supernatant (s) and the respective precipitate (l) was measured by liquid scintillation. Autoradiogram of the
anti-Cdc2 immunoprecipitates is shown in top panel. An open triangle indicates the time of insemination, and arrows, the ®rst (1PB) and
the second (2PB) polar body emission and the ®rst (1CL), the second (2CL), and the third (3CL) cleavage.
increase in cyclin A-associated histone H1 kinase activity notion that Cdc2 is a major partner of cyclin A and cyclin
B during star®sh meiotic and early cleavage cycles.(compare Fig. 4C with 4D; see below). As a result, during
early cleavage cycles, the cyclin A-associated histone H1
kinase activity reached each peak slightly earlier than that Dynamics of Cyclin A- and Cyclin B-Associated
associated with cyclin B. Cdc2 and Cdc25 during Meiotic and Early
Cleavage Cycles
To con®rm the association of Cdc2 with cyclin A andCdc2 Is a Major Catalytic Partner of Cyclin A- and
cyclin B, the immunoprecipitates with the anti-cyclin B andCyclin B-Associated Histone H1 Kinases during
the anti-cyclin A antibodies were probed with the anti-Cdc2Meiotic and Early Cleavage Cycles
antibody (Fig. 6A). In the anti-cyclin B immunoprecipitates,
the anti-Cdc2 antibody recognized the Cdc2-U, -M, and -LWith regard to the association in vivo between cyclin and
CDK families, cyclin B complexes with Cdc2 alone, but bands depending on the stage of the cell cycle (Fig. 6A,
upper). The presence of cyclin B-associated Cdc2-L corre-cyclin A is known to associate with Cdc2 and Cdk2 (see
Hunter and Pines, 1994; Nigg, 1995). During Xenopus mei- lates completely with the appearance of the cyclin B-associ-
ated histone H1 kinase activity (compare Fig. 6A, upper,otic and early cleavage cycles, a part of histone H1 kinase
activity is carried by Cdk2 which is associated with cyclin with Fig. 4B). The cyclin B-associated Cdc2-U was detect-
able in immature oocytes and in interphase during earlyE (Rempel et al., 1995; Hartley et al., 1996; Guadagno and
Newport, 1996). Therefore, to identify the catalytic subunit cleavage cycles, when the cyclin B-associated histone H1
kinase activity was undetectable or low, although Cdc2-Uof cyclin A- and cyclin B-associated histone H1 kinase
shown in Figs. 4B and 4D, we asked whether the major was undetectable at the interkinesis period between meio-
sis I and II. The cyclin B-associated Cdc2-M was only detect-histone H1 kinase activity during star®sh meiotic and early
cleavage cycles depends on Cdc2. Extracts obtained from able as an intermediate between Cdc2-U and Cdc2-L. In
accordance with these observations, the presence of Cdc2-various stages of oocytes and eggs were immunoprecipitated
with the anti-star®sh Cdc2 antibody, and then histone H1 U was temporally correlated with the recognition of phos-
phorylated Tyr residue at the MW of Cdc2 by the anti-kinase activity contained in each supernatant and precipi-
tate was measured (Fig. 5). Throughout meiotic and early phosphotyrosine antibody (Fig. 6B). In contrast, the absence
of Cdc2-U was accompanied by the presence of the electro-cleavage cycles, almost all of the histone H1 kinase activity
was recovered in the anti-Cdc2 immunoprecipitates, and no phoretically retarded form of Cdc25, (presumably phosphor-
ylated and active Cdc25) which dephosphorylates the Tyractivity was detectable in the supernatants. The anti-Cdc2
immunoprecipitates exhibited dynamics of histone H1 ki- residue in the cyclin B-associated Cdc2 (Fig. 6C). Thus, the
activity of cyclin B-associated Cdc2 is regulated by phos-nase activity similar to the sum of the activities in the
anti-cyclin B and in the anti-cyclin A immunoprecipitates phorylation/dephosphorylation of the Tyr residue of Cdc2,
although during the interkinesis period, the cyclin B-associ-shown in Figs. 4B and 4D. These facts indicate that Cdc2
is a major kinase phosphorylating histone H1, supporting ated Cdc2 appears to escape from the Tyr-regulation.
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FIG. 6. Phosphorylation states of cyclin A- and cyclin B-associated Cdc2 and Cdc25 during meiotic and early cleavage cycles in star®sh.
(A) Regulation of phosphorylation states in cyclin A- and cyclin B-associated Cdc2. Extracts were prepared from fertilized oocytes and
eggs at 10-min intervals after 1-MeAde addition. Immunoprecipitates of these extracts with the anti-cyclin B antibody (cycB IP) and the
anti-cyclin A antibody (cycA IP) were immunoblotted with af®nity-puri®ed anti-star®sh Cdc2 antibody. The anti-cyclin B immunoprecipi-
tate from a 150-min extract (B150) was loaded for comparison at the right-most lane in the cycA IP panel. Three distinct bands of Cdc2,
the upper (U), the middle (M), and the lower (L), were detectable in the anti-cyclin B immunoprecipitates. By contrast, the L alone was
detectable in the anti-cyclin A immunoprecipitates. (B) Tyr phosphorylation at Cdc2. Cdc2-U corresponds to tyrosine-phosphorylated
form. (C) Phosphorylation states of Cdc25. The shift in electrophoretic mobility might re¯ect the phosphorylation states of Cdc25. Extracts
were prepared from oocytes and eggs which were fertilized at 45 min and then probed with the anti-phosphotyrosine antibody (B) or with
the anti-Cdc25 antibody (C). An extract from immature oocytes (0) was loaded for comparison at the rightmost lane in some panels. The
numbers above each lane indicate the time after 1-MeAde addition. The open triangles indicate the time of insemination. Arrows show
the times of cell division.
In contrast to cyclin B, only Cdc2-L was detectable in the ported that cyclin B is synthesized and accumulates in un-
fertilized mature eggs of French star®sh, in the same stageanti-cyclin A immunoprecipitates throughout meiotic and
early cleavage cycles (Fig. 6A, lower). In the anti-cyclin A of eggs of our star®sh neither cyclin A nor cyclin B proteins
immunoprecipitates, the levels of the Cdc2-L correlated reaccumulated after their disappearance at the end of meio-
completely with the oscillation of cyclin A-associated his- sis II (Figs. 4A and 4C, open symbols; Fig. 7A, upper). When
tone H1 kinase activity (compare Fig. 6A, lower, with Fig. these mature eggs were incubated in the presence of a pro-
4D). In addition, anti-Cdc2 immunoprecipitation recovered teasome inhibitor, LLnV, cyclin B protein reaccumulated
almost all of cyclin A (data not shown), and Cdk2 was unde- along with the incubation period, but its levels were not as
tectable in the anti-cyclin A immunoprecipitates, at least high as those in eggs which were fertilized after the forma-
during meiotic cycles (Okano-Uchida, T., et al., unpub- tion of female pronuclei (Fig. 7A). These observations sug-
lished data). Thus, during meiotic and early cleavage cycles gest the possibility that the destruction window for cyclins
it is likely that most of cyclin A is associated with Cdc2 A and B remains open in female pronucleus stage eggs and
and that the activity of the cyclin A/Cdc2 complex is not closes following fertilization in our star®sh, while the rate
regulated by the phosphorylation/dephosphorylation of the of protein synthesis of these cyclins in unfertilized eggs
Tyr residue. may not be as high as that in fertilized eggs. This notion is
supported by a recent report by Brandeis and Hunt (1996)
that the proteolysis of mitotic cyclins persists even in G1-
States of Unfertilized Mature Eggs phase after the exit from M-phase in mammalian cells.
In unfertilized mature eggs, no phosphorylated Tyr resi-Following hormonal stimulation, unless fertilized, ma-
due was detectable at the MW of Cdc2 (Fig. 7B, upper), andture star®sh eggs arrest at the female pronucleus stage after
completing meiosis. Although Standart et al. (1987) re- Cdc25 remained phosphorylated despite of the absence of
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FIG. 7. States of cyclin B, Cdc2, and Cdc25 in unfertilized mature star®sh eggs and their modi®cation following fertilization. (A) Cyclin
B accumulation in female pronucleus stage eggs after the addition of proteasome inhibitor. After the completion of meiosis II, unfertilized
mature eggs were treated with 50 mM proteasome inhibitor, LLnV, and levels of cyclin B were detected along with the incubation period
by immunoblots with anti-cyclin B antibody (UNF/L). As controls, mature eggs were kept unfertilized (UNF/C) or fertilized (FER/P) in
the absence of LLnV. (B) Unphosphorylated Tyr at Cdc2 in female pronucleus stage eggs. (C) Cdc25 remains phosphorylated in female
pronucleus stage eggs. Extracts were prepared from oocytes undergoing maturation and mature eggs which were unfertilized (UNF) or
fertilized at female pronucleus stage (FER/P) and then probed with the anti-phosphotyrosine antibody (B) or with the anti-Cdc25 antibody
(C). An extract from immature oocytes (0) was loaded for comparison at the rightmost lane in some panels. The numbers above each lane
indicate the time after 1-MeAde addition for UNFs, or the time after insemination for FER/Ps. Arrows show the time of cell division. (D)
MAP kinase-dependent phosphorylation of Cdc25 in female pronucleus stage eggs. After the completion of meiosis II, unfertilized mature
eggs were treated with 50 mM MEK inhibitor, PD98059 (UNF/I), or kept in control vehicle (UNF/C). Cdc25 (upper two panels) and MAP
kinase (lower two panels) were detected along with the incubation period by immunoblots with each antibody. Upper and lower bands
in immunoblots of MAP kinase represent its active and inactive forms, respectively (see Tachibana et al., 1997).
Cdc2 kinase activity (Fig. 7C, upper). When these mature Tyr became detectable at the MW of Cdc2 (Fig. 7B, lower)
and dephosphorylation of Cdc25 was initiated not immedi-eggs were fertilized, both cyclin A and cyclin B began to
accumulate again (see Fig. 8A, upper panel); phosphorylated ately but by 30 min after insemination (Fig. 7C, lower).
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While the active Cdc2 kinase is known to phosphorylate
Cdc25 (see Coleman and Dunphy, 1994), how does Cdc25
remain phosphorylated in the absence of Cdc2 kinase activ-
ity at female pronucleus stage? To address this issue, we
noticed MAP kinase, since its activity remains high in un-
fertilized mature eggs and declines following fertilization
(Tachibana et al., 1997). When a MEK inhibitor, PD98059,
was added to these unfertilized mature eggs, MAP kinase
activity declined, followed by cancellation of the retarda-
tion in the electrophoretic mobility of Cdc25 (Fig. 7D). In
addition, when a constitutively active form of MEKK of
Saccharomyces cerevisiae, DN-STE11 was injected into im-
mature star®sh oocytes, a level of electrophoretic retarda-
tion similar to that seen in mature eggs was induced in
Cdc25 (Okano-Uchida, T., unpublished data). Thus, phos-
phorylated state of Cdc25 in unfertilized mature eggs ap-
pears to be at least partly supported directly and/or indi-
rectly by MAP kinase, although its phosphatase activity
remains to be measured.
Entry into Mitosis in Early Cleavage Cycles in the
Presence of the Neutralizing Anti-Cdc25 Antibody
We demonstrated previously that an anti-Cdc25 antibody
(which neutralizes Cdc25 phosphatase activity) prevents
the 1-MeAde-induced reinitiation of meiosis I by inhibiting
the activation of cyclin B/Cdc2 (Okumura et al., 1996).
These results are supported by the data presented here be-
cause only cyclin B/Cdc2, but not cyclin A/Cdc2, is in-
volved in the meiosis reinitiation (see Fig. 4). In contrast to
meiosis I, however, early cleavage cycles include both
cyclin B/Cdc2 and cyclin A/Cdc2 (see Fig. 4). Therefore,
the question which arises is whether the M-phase of early
cleavage cycles is initiated in the absence of the active
cyclin B/Cdc2. To address this, unfertilized mature eggs
arrested at pronucleus stage were ®rst injected with the
anti-Cdc25 antibody and then fertilized. Although cyclin B
accumulated normally under conditions which suppressed
Cdc25 phosphatase activity (Fig. 8A), the activation of
cyclin B/Cdc2 was undetectable in these eggs at a time
when cyclin B/Cdc2 was fully activated in ®rst M-phase in
control eggs injected with IgG (Fig. 8B), while cyclin A/
Cdc2 was activated normally or rather hyperactivated (Fig.
8C). However, a signi®cant increase in the activity of cyclin
B/Cdc2 was detected after a 50-min delay relative to con-
trols (Fig. 8B), and thereafter, at the time of decrease in its
anti-Cdc25 antibody (/; j, l) or with control IgG (0; h, s), fol-
lowed by insemination. Thereafter 10 eggs each were recovered at
the times indicated above each lane, and then cyclin A and cyclin
FIG. 8. Completion of M-phase of the ®rst cleavage cycle in the B protein levels were examined by immunoblots (A). After the im-
presence of the neutralizing anti-star®sh Cdc25 antibody. (A) Syn- munoprecipitation of the extracts, cyclin B-associated (B) and cyclin
thesis of cyclin A and cyclin B in eggs injected with anti-Cdc25 A-associated (C)histone H1 kinase activity was measured. Autora-
antibody. (B) Cyclin B/Cdc2 kinase levels in eggs injected with anti- diograms are also shown above each panel. (D) Delayed occurrence
Cdc25 antibody. (C) Cyclin A/Cdc2 kinase levels in eggs injected of the ®rst cleavage in eggs injected with anti-Cdc25 antibody.
with anti-Cdc25 antibody. Mature eggs were injected with either Occurrence of the ®rst cleavage was monitored under a microscope.
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activity, the ®rst cleavage occurred 50 min after ®rst cleav- above divergent observations in various organisms indicate
that the lack of Tyr phosphorylation is not suf®cient toage in control eggs (Fig. 8D).
support the lack of S-phase during the meiosis I to II transi-
tion. Apart from this notion, the apparent lack of regulation
by Tyr phosphorylation during the interkinesis period indi-DISCUSSION
cates either that the observed phosphorylation state of
Cdc25 (Izumi et al., 1992; present study, Fig. 6C) may notIn the present study, we report the isolation of cDNAs
encoding star®sh cyclin A and Cdc2. Two subtypes of cyclin correspond to an actual need for Cdc25 due to the loss of
the Wee1-like tyrosine kinase activity or that the Tyr phos-A, cyclin A1 and cyclin A2, have been identi®ed in verte-
brates. The degree of identity within the cyclin box is 80± phorylation is merely undetectable due to high activity of
Cdc25 phosphatase in spite of the presence of the Wee1-83% between the two subtypes. In contrast, the degree of
identity among the A1-types is 89±95%, and among the like kinase activity.
In contrast to cyclin B, there has been no report on theA2-type is 93±98%, in human, mouse, and Xenopus. A-type
cyclins are developmentally regulated in Xenopus; cyclin presence or absence of the in vivo modi®cation of cyclin A-
associated Cdc2 in oocytes and early embryos, although inA1 is present in early-stage embryos and associates primar-
ily with Cdc2, while cyclin A2 which associates with both Xenopus egg extracts no Tyr phosphorylation is observed
in cyclin A-associated Cdc2 (Clarke et al., 1992; Devault etCdc2 and Cdk2 is present in late-stage embryos and tissue
culture cells (Minshull et al., 1990; Howe et al., 1995; Re- al., 1992). The present study has shown that during meiotic
and early cleavage cycles the activity of cyclin A-associatedmpel et al., 1995; Strausfeld et al., 1996). Similarly, in the
mouse, cyclin A1 mRNA is expressed speci®cally in germ Cdc2 in vivo is not subjected to the regulation by phosphor-
ylation/dephosphorylation of the Tyr residue in Cdc2, butcells, whereas cyclin A2 mRNA is expressed in all tissues
(Sweeney et al., 1996). However, star®sh cyclin A shows a primarily by the level of cyclin A protein and presumably
by phosphorylation/dephosphorylation of Thr161 in Cdc2similar degree of identity within the cyclin box to both
the A1-type (75%) and the A2-type (80%). Our preliminary (see Morgan, 1995). The lack of the Tyr-mediated regulation
in cyclin A-associated Cdc2 is supported by the fact thatobservations have revealed that star®sh cyclin A associates
with Cdc2 in early embryos but also with Cdk2 in blastula even in the presence of the neutralizing anti-Cdc25 anti-
body cyclin A-associated Cdc2 is activated in normal time(Okano-Uchida, T., et al., in preparation). Thus, although
further screening is still required, it is likely that star®sh course at the ®rst cleavage cycle (Fig. 8C). In human somatic
cells, however, Pagano et al. (1992) suggested that the activ-has a single cyclin A which shares properties of both the
A1-type and the A2-type. This notion is supported by the ity of cyclin A-associated Cdc2 is regulated via the Tyr
phosphorylation. It is plausible that the regulation of cyclinfact that in other invertebrates including surf clam, limpet,
sea urchin, and ¯y (Lehner and O'Farrell, 1989), only a single A-associated Cdc2 might be modi®ed developmentally, as
seen in the CDK partners of cyclin A (see Howe et al., 1995;cyclin A has been found.
In this study we prepared speci®c antibodies against Rempel et al., 1995; Strausfeld et al., 1996).
cyclin A and Cdc2. Using these reagents, we have described
for the ®rst time the detailed in vivo dynamics of both
Reinitiation of Meiosis I versus Entry into Earlycyclin A and cyclin B protein levels and their associated
Cleavage CyclesCdc2 kinase activity levels throughout meiotic and early
cleavage cycles in star®sh. By comparing the present results While both cyclin A and cyclin B are classi®ed as mitotic
cyclins, there have been con¯icting observations concern-with the known dynamics of cyclin A and cyclin B in other
organisms, the cell cycle controls characteristic to meiotic ing whether both are required for M-phase. The assumption
that either is suf®cient is supported by the following: puri-and early cleavage cycles have been deduced as described
below. ®ed MPF, which is the inducer of M-phase, is composed
of cyclin B-associated, but not cyclin A-associated, Cdc2
(Draetta et al., 1989; Labbe et al., 1989; Gautier et al., 1990;
Regulation of Cdc2 Kinase Activity Dependent on/ see also Okumura et al., 1996; Kishimoto, 1996); cyclin A
Independent of Tyr Phosphorylation and cyclin B have overlapping functions in the entry into
M-phase in Drosophila embryo of the 15th cycle (KnoblichThe present study indicates that the activity of cyclin B-
associated Cdc2 is regulated via Tyr phosphorylation except and Lehner, 1993); and cyclin A alone is suf®cient for the
entry into M-phase in Xenopus egg extracts (Roy et al.,for the meiosis I to II transition. This is in contrast to Xeno-
pus early embryos in which Tyr phosphorylation is detect- 1991; Jones and Smythe, 1996; Strausfeld et al., 1996). On
the other hand, in the absence of cyclin A/Cdc2, cyclin B/able in the ®rst cleavage cycle but not during the 2nd to
12th cycles (Ferrell et al., 1991; Hartley et al., 1996), and Cdc2 is not activated and entry into M-phase is blocked
in cultured somatic human cells (Pagano et al., 1992) andto gold®sh oocytes in which Tyr phosphorylation is unde-
tectable in meiosis I (Yamashita et al., 1995). Although the Drosophila embryo of the 16th cycle (Lehner and O'Farrell,
1990). In Xenopus egg extracts, cyclin A is involved in thelack of Tyr phosphorylation in cyclin B-associated Cdc2
appears to be a general feature during the interkinesis period downregulation of the Wee1-like kinase to potentiate the
activation of cyclin B/Cdc2 (Devault et al., 1992). These(Ferrell et al., 1991; Ohsumi et al., 1994; present study), the
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last three reports support that cyclin A/Cdc2 may function female pronucleus stage which is dependent on elevated
level of MAP kinase activity (Tachibana et al., 1997). Inas a ``starter kinase'' which is involved in the initial activa-
tion of cyclin B/Cdc2 (see Minshull et al., 1990). A part of these mature eggs the present study has shown that the
levels of cyclin A and cyclin B remain low possibly due tothese data could be explained by differences in the regula-
tion of entry into M-phase between meiosis I and the ®rst the open window for their destruction; phosphorylated Tyr
is undetectable at Cdc2; and Cdc25 remains phosphorylatedcleavage cycle.
The present study has revealed that in star®sh oocytes depending on MAP kinase activity (Figs. 4A, 4C, and 7).
Since fertilization initiates S-phase in mature star®shreinitiation of meiosis I, that is GVBD, occurs in the pres-
ence of cyclin B at undetectable levels of cyclin A (Fig. eggs, it has been believed that the female pronucleus stage
is a kind of G1-phase. In fact, nuclear envelope is actually4). This is the same pattern as seen in surf clam oocytes
(Westendorf et al., 1989; Turner et al., 1995). In Xenopus formed in female pronucleus stage eggs. As described above,
however, all the features of the M-phase cell cycle regula-oocytes as well, cyclin A is not required for meiosis reinita-
tion and is essentially absent in immature oocytes, but is tors in female pronucleus stage rather appear to be similar
to those in interkinesis period between meiosis I and meio-easily detectable at GVBD (Kobayashi et al., 1991; Minshull
et al., 1991). By contrast, cyclin A, but not cyclin B, is sis II. In accordance with this notion, MAP kinase activity
is actually maintained at elevated levels during interkinesisdetectable in gold®sh immature oocytes (Katsu et al., 1995;
Yamashita et al., 1995). However, cyclin A/Cdc2 activity period (Tachibana et al., 1997), and further, the elevated
MAP kinase activity is able to support phosphorylation ofincreases drastically only after GVBD, in contrast to the
the rapid activation of cyclin B/Cdc2 observed at GVBD. In Cdc25 at the exit from meiosis I (Okano-Uchida, T., unpub-
lished data). Upon fertilization, all of the above features ofaddition, mRNA injection of cyclin B, but not cyclin A,
induces GVBD in gold®sh oocytes. Taken together, it is female pronucleus stage including MAP kinase activity and
the destruction window for mitotic cyclins are reversed to-most likely that entry into M-phase in meiosis I is essen-
tially dependent on cyclin B but not on cyclin A. This may ward the entry into S-phase. Thus, we propose to rede®ne
the female pronucleus stage to be an interkinesis-like stage,re¯ect that reinitiation of meiosis I is equivalent to entry
into M-phase from prophase. that is, the end of meiotic M-phase rather than the usual
G1-phase. In other words, even if meiosis II is already com-In immature oocytes, our previous study demonstrated
that no activation occurs in cyclin B/Cdc2, and meiosis I is pleted in female pronucleus stage eggs, these eggs should
be regarded as remaining in a meiotic-like state, and fertil-not reinitiated under the conditions which prevent Cdc25
activation (Okumura et al., 1996). By contrast, in the ®rst ization actually causes the exit from the meiotic cycle and
the entry into the mitotic cycle.cleavage cycle the present study has shown that M-phase
is completed, though with a signi®cant delay, under the
same conditions (Fig. 8). The duration of this delay almost
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